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Abstract 
This paper will present results of a numerical modelling study on CO2 migration through abandoned wells. Leakage of CO2 
through plugged and abandoned wellbores is one of the major concerns for long-term safety and effectiveness of geologic CO2 
sequestration. For risk assessment and mitigation, it is not only important to understand and characterize the potential for CO2 
leakage through wellbores but also subsequent CO2 migration beyond the primary sequestration reservoir. Subsequent to the leak, 
CO2 may take a direct path towards the accessible environment or it may migrate in an indirect stair-stepping manner through 
wellbores/fractures across multiple, shallow permeable strata. In the later case, identification of leak source and application of 
mitigation strategies may become a challenge. 
For this study we use data from a site in Alberta, Canada which has reported natural gas leak at surface. Investigations on origin 
of the gas and potential gas migration path from the original source to the surface at the analog site show that the gas could be 
moving through multiple wells and across multiple formations. There are multiple wells at the site which were drilled and 
abandoned without production casing and are completely open between two hydrocarbon bearing zones creating cross-flow 
across zones through open wellbores. Our study focuses on the deeper formations and potential for leakage for CO2 injected in 
deeper formation. A complex numerical fluid-flow model is developed for the site in FEHM, LANL’s porous media fluid-flow 
simulator.  The model explicitly accounts for wellbore details such as abandonment plugs, casing, annulus cement, etc.  The 
model was used to perform long-term simulations of CO2 injection and potential migration through abandoned wells. Numerical 
simulation results show limited migration of CO2 through abandoned wells. Such detailed simulation would be valuable to 
develop effective abandonment practices as well as mitigation strategies at CO2 sequestration sites. 
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1. Introduction 
One of the primary risk concerns for long-term effectiveness of large scale geologic CO2 storage is potential 
wellbore leakage and its impact [1]. Wellbore leakage could result due to presence of improperly plugged and 
abandoned wells as well as loss of integrity due to exposure of wellbore materials to high CO2 concentration 
environments. A number of ongoing research efforts are currently focused on understanding and characterizing the 
CO2 interactions with wellbore materials [2, 3, 4, 5]. These studies use different approaches including laboratory 
experiments, field observations as well as numerical simulations. Watson & Bachu [6, 7] are utilizing data on gas 
migration and sustained casing pressure for wells in the Alberta province to characterize potential for wellbore 
leakage, especially, for plugged and abandoned wells. Their study [7] focuses on qualitative assessment of the 
potential for deeper leakage in wellbores in geologic CO2 sequestration operations. Watson & Bachu [7] identify 
interaction of wellbore cement, casing & elastomers (such as those used in abandonment plugs) with the CO2
induced acidic environment as the critical factors in evaluating deeper leakage potential. In the same study, it was 
observed that the potential for leakage in cased and abandoned wells that use a mechanical plugging zonal 
abandonment method was higher than that for the drilled and abandoned wells. Typically, the wells abandoned using 
a mechanical zonal abandonment method used dump-bailed cement caps above a cast iron bridge plugs with 
elastomer seals. Studies such as White et al. [8] suggest that the dump-bailing of cement may not provide effective 
seals.  In addition to the above studies, other qualitative and semi-quantitative approaches are also being developed 
to determine wellbore failure probability [9].  
In order to assess the risks due to wellbores, we not only have to take into account the potential of wellbore 
failure/leakage but also subsequent migration of CO2. Post-leakage migration of CO2 will be dependent on details of 
wellbore completions and abandonment. The techniques used for completions and abandonment vary from wellbore 
to wellbore.  In addition, different wells may be completed and/or abandoned at different intervals. In which case, 
the leaked CO2 could migrate to shallower permeable strata potentially traveling through multiple wells.   
In this study we perform multi-phase fluid flow simulations of potential CO2 migration from deeper wellbores 
utilizing data from a site in Alberta, Canada where shallow gas migration has been observed. A numerical model 
was developed for the site taking into account completion and abandonment details of multiple wells in the region. 
Wellbore details for casing, annulus cement and abandonment plugs were taken into account explicitly. The model 
was used to perform simulations of long-term CO2 injection in deeper formation and CO2 migration through the 
wells.    
2. Study site 
The study-site is located north-west of Edmonton near Morrinville in the Canadian province of Alberta (Figure 
1).   
Figure 1. Satellite location of the study site near Morrinville, Alberta. 
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This site was chosen because of the observed shallow natural gas release at the surface. Investigation of the 
shallow gas release show that the natural gas could be originating from the Belly River formation, a shallow 
formation in the area at approximately 300 m below ground level. Further detailed, qualitative investigation focused 
on the potential path for gas migration indicated that there are a number of wells in the study area which could be 
contributing to the observed gas migration. Figure 2 shows wells in the study area. The shallow gas migration 
investigation took into account information available on the surface casing setting depths, cement tops and 
abandonment plug depths for each well.  The investigation showed that a number of wells were drilled and 
abandoned without production casing. These wells have the entire Belly River Formation open between two 
abandonment cement plugs. This would allow gas prone lenses to cross flow to lower pressure upper lenses within 
the Belly River Group. In addition, it was also postulated that potentially compromised surface casing with poor 
cement behind casing may also be contributing to the observed gas migration. The investigation highlighted the 
need to take into account details of well completions and abandonment in order to assess potential path for gas 
migration. As mentioned earlier, when predicting the overall risks associated with leakage at geologic CO2
sequestration sites careful analysis of potential post-leakage migration taking into account site specific wellbore 
completion and abandonment details is important.   
Figure 2. A map showing wells in the study area. 
In this study we have used the details of wellbore completions and abandonment at the Morrinville site to 
characterize potential migration of CO2 through wells. Since the problem of shallow gas leaking to surface is 
established it is contemplated that if CO2 can leak from a deeper horizon to shallower strata that it will eventually 
make its way to surface. The wellbores at the site penetrate deeper formations which are being considered as 
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potential CO2 sequestration targets [10]. Several wells that were cased had experienced lost circulation in deeper 
sections of the wellbore and failed to obtain cement returns to surface. These would indicate improper cement 
placement behind casing and potential existence of CO2 migration path behind casing. We have developed a detailed 
numerical model taking into account site-specifics. The numerical model is used to simulate hypothetical injection 
of CO2 in deeper formations and to assess migration through wellbores to shallow formations. 
3. Numerical model 
The numerical simulations are focused on understanding potential migration path of CO2 injected in the deeper 
formations during geological sequestration operations while taking into account multiple abandoned wells present at 
the location. It should be noted that the study site used in this paper is not part of any target area currently being 
considered for geological CO2 storage, but it has similar geology as the Wabamun Lake area in central Alberta 
which is a potential CO2 sequestration site [10]. The deeper formations at the Morrinville study site include the 
Wabamun & Nisku formations, which are potential CO2 storage targets in the Wabamun Lake area. In addition, the 
wells at the Morrinville site are typical of many wells in Alberta, Canada. 
A numerical model was developed for the site in FEHM [11], LANL’s porous media fluid flow simulator. FEHM 
is a non-isothermal, multi-phase simulator that is being applied to a wide range of applications including geologic 
CO2 sequestration. The numerical model included a 13 km x 13 km area consisting of 64 sections in the township 55 
(Twp 55-25W4 & 55-26W4). The model area included 23 wells shown in Figure 2. A complex, unstructured 
numerical grid was developed for the site using the Los Alamos grid development toolkit [12]. A hybrid grid 
consisting of highly refined cylindrical elements (with length scale of the order of few cms) embedded in cartesian 
blocks (with length scale of the order of 0.5 – 1 km) was used. This grid allowed capturing completion and 
abandonment details of wells explicitly. The wells were represented by high resolution cylindrical elements 
consisting of the casing and annulus cement. Figure 3 shows the numerical grid including a blown up view of the 
refinement used for the well and surrounding area. 
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Figure 3. The numerical grid used in the simulations. The figure on the left shows the entire model domain while a zoomed in view of an 
individual wellbore is shown on the right. 
The numerical model consisted of 21 layers of varying thickness in the vertical direction. The 21 layers made up 
six zones including three zones representing deeper aquifers & three zones representing aquitards separating the 
aquifers. While six major aquifers are identified in this region, for this study we combined multiple aquifers together 
in order to keep the overall problem size small. Figure 4 shows a vertical cross-section of the numerical grid 
identifying the aquifers & aquitards. The top of the model represented bottom of the Belly River formation.  
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Figure 4. A vertical cross-section through the numerical grid showing the aquifers in the model. 
As mentioned earlier, investigation at Morrinville has shown that the Belly River formation is potentially 
responsible for the observed shallow gas migration. Hence it is assumed in this study that any CO2 arriving at the 
bottom of Belly River formation will migrate through it, similar to currently observed shallow gas migration. The 
rock properties of the aquifers are as shown in Table 1 and are similar to the values available for the Wabamun lake 
area.
Table 1. Aquifer & aquitard properties. 
Formation Porosity Permeability (m2)
Aquifer 1 
(Nisku) 
0.09 1.7 e-13
Aquifer 2 
(Wabamun) 
0.08 4.0 e-15
Aquifer 3 
(Viking) 
0.14 5.3 e-14
Aquitard 0.0 1.0 e-18
As mentioned earlier, details of completions and abandonment were explicitly taken into account for all wells. 
The 23 wells consisted of three types of wells, drilled & abandoned, cased & abandoned and cased & producing. 
Two of the cased wells have been abandoned with cement plugs, while the rest are filled with liquid. Locations of 
the cement plugs in the drilled and abandoned wells as well as abandoned cased wells were available. For liquid-
filled cased wells, information on the extent of the annulus cement was also available. In addition to the location, 
information on the type and quality of cement used for plugging or completing the wells was also available for all 
but two wells. The type of cement used ranged from neat cement to cement with additives.  Watson & Bachu [7] 
provide a summary of the on-going and past research on reactivity of CO2 with cement, including cement with 
various types of additives. This study coupled with available information on the type of cement was used to classify 
the long-term integrity of the cement (including abandonment plugs and/or annulus cement) used in all the wells at 
the study site when exposed to CO2 rich environment. For this study, cement with good long-term integrity in the 
presence of CO2 was given a very low permeability value (1.0 e-17 m2) while cement with potentially detrimental 
long-term integrity in the presence of CO2 was given a higher permeability value (1.0 e-11 m2). Note that for these 
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simulations the cement properties were assumed constant through time. Data on locations of annulus cement, 
abandonment plugs and inferred cement permeability was used to explicitly define properties of the corresponding 
nodes for all of the wells. The fluid-filled open casing was modeled using nodes with 100% porosity and high 
permeability (1.0 e-11 m2).
4. Numerical simulation results 
The numerical model described above was used to perform simulation of long-term CO2 injection in the Nisku 
formation. The model was initialized to establish steady state hydrostatic and thermal gradients. The initial 
conditions were set such that the top of the model was @ 5.5 MPa and 21º C while the bottom was @ 14 MPa and 
77º C. The injection well was modeled using a novel wellbore incorporation algorithm in FEHM [13]. This approach 
allows for incorporation of a radial grid for a wellbore in any grid and provides the flexibility to specify locations of 
wellbore as well as wellbore details with any desired spatial resolution without a need for re-gridding.   
During injection simulations CO2 was injected at a constant annual rate of 1 million tonnes/year for 100 years. 
The model was run using constant pressure boundary condition which held all the boundary nodes at their respective 
initial pressure values. In other words the aquifer was modeled as an infinite acting reservoir. Multiple simulation 
runs were performed by randomly varying the spatial location of the injection well as shown in Figure 5. The figure 
also shows locations of the two wells which have been completed and abandoned with cement of unknown quality 
and were modeled using high cement permeability values. For both the wells the unknown quality cement spatially 
extended only up to the middle aquifer (Wabamun), beyond which both the wells had good quality cement. 
Location 5 
Location 4 
Location 3 
Location 2 
Location 1 
Wells with unknown 
quality of cement 
Figure 5. Figure showing location of the injection well (filled red circle) used for different simulations (the five locations correspond to five 
different simulation runs).  
Figure 6 shows predicted CO2 saturation after 100 years of continuous injection for the case with injector at 
location 3. The figure on the left shows 2 cross-sections, an XY cross-section at the top of the Wabamun aquifer and 
an XZ cross-section through the location of one of the wells with unknown quality cement. As can be seen from the 
figure both the wells with high-permeability cement lead to CO2 leakage, though the amount of leakage is different 
due to the difference in distance between the injector and the two wells.  Other wells do not appear to contribute 
significantly to CO2 leakage and its migration. The figure on the right is a zoomed-in view of the well with higher 
leakage. As mentioned earlier, this is a cased well with unknown quality annulus cement. The vertical extent of the 
unknown quality cement is limited only up to the Wabamun formation and the well has good quality cement in the 
annulus above. The vertical migration of leaked CO2 is affected by this difference in cement quality. While the 
leaked CO2 migrates to the Wabamun formation, it appears constrained by the wellbore above it and does not  
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Figure 6. Cross-sectional views showing the CO2 plume after 100 years of injection. Figure on the left shows the entire model domain, while the 
one on the right is a zoomed-in view. The plumes of CO2 leaked from the two wells in the Wabamun formation are evident on the left figure. 
migrate to the Viking formation. Spatially, the leaked CO2 plume in the Wabamun formation extends about 400 
meters from the well. We also calculated the total amount of CO2 leaked to the two shallow aquifers and the top 
boundary (bottom of Belly River formation) for the different simulation runs. For all the cases none of the leaked 
CO2 migrated above top boundary and the amount of CO2 leaked to the Viking aquifer was negligible. Figure 7 
shows a plot of the percentage of injected CO2 leaked to the Wabamun aquifer as a function of time. 
Figure 7. Comparison of the percentage of injected CO2 leaked to the Wabamun aquifer for the five different CO2 injection locations.
As seen from Figure 7, for all the injection well locations the total amount of CO2 leaked is less than 1% of 
injected CO2. Proximity of the potentially leaky well to the injection location has significant impact on the amount 
of leaked CO2, with the 3 farther injection well locations showing minimal leakage.  It should be noted that these 
calculation results are for one set of parameter values and further work is planned to explore the effect of range of 
parameter values. 
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5. Discussion
In order to assess overall risk of CO2 leakage through wellbores it is important to consider potential post-leakage 
migration of CO2. The migration will be affected by the completion and abandonment details, which vary from well 
to well. This study focused on simulating migration of CO2 through plugged and abandoned wells at a site which has 
exhibited shallow gas migration, while incorporating well abandonment and completion details explicitly. Similar 
type of numerical simulation approach will be valuable to understand and quantify potential risks associated with 
CO2 leakage through plugged and abandoned wells as well as to develop mitigation strategies.  
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